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Abstract
We consider gravity mediated supersymmetry (SUSY) breaking in 5D space-
time with two 4D branes B1 and B2 separated in the extra dimension. Using an
off-shell 5D supergravity (SUGRA) formalism, we argue that the SUSY break-
ing scales could be non-universal even at the fundamental scale in a brane world
setting, since SUSY breaking effects could be effectively localized. As an ap-
plication, we suggest a model in which the two light chiral MSSM generations
reside on B1, while the third generation is located on B2, and the Higgs mul-
tiplets as well as gravity and gauge multiplets reside in the bulk. For SUSY
breaking of the order of 10–20 TeV caused by a hidden sector localized at B1,
the scalars belonging to the first two generations can become sufficiently heavy
to overcome the SUSY flavor problem. SUSY breaking on B2 from a different
localized hidden sector gives rise to the third generation soft scalar masses of
the order of 1 TeV. Gaugino masses are also of the order of 1 TeV if the size
of the extra dimension is ∼ 10−16 GeV−1. As in 4D effective supersymmetric
theory, an adjustment of TeV scale parameters is needed to realize the 100 GeV
electroweak symmetry breaking scale.
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1 Introduction
The minimal supersymmetric standard model (MSSM) is an attractive avenue for
physics beyond the standard model (SM). The MSSM not only resolves the natu-
ralness problem [1] regarding the small Higgs scalar mass that SM suffers from,
but also improves the scenario of gauge couplings unification [2] and electroweak
symmetry breaking [3]. However, the MSSM has numerous (> 100) theoretically
undetermined parameters. To understand the origin of many soft supersymmetry
(SUSY) breaking parameters in the MSSM simply and consistently, one often invokes
the supergravity (SUGRA) models. However, models relying on the conventional
gravity-mediated SUSY breaking scenario [4] generally contain flavor changing pro-
cesses that are strongly constrained by experiments [5]. Approaches for resolving this
notorious problem include gauge-mediated SUSY breaking [6] and anomaly mediated
SUSY breaking [7]. On the other hand the effective supersymmetric theory (ES-
USY) [8, 9, 10] provides an alternative scenario. In ESUSY, the superpartners of the
first two generations are required to be sufficiently heavy (∼ 20 TeV) to suppress fla-
vor changing processes in SUGRA models. (This also could provide a mechanism for
suppressing dimension five proton decay operators.) Because of the relatively small
Yukawa couplings of the first two generations, the Higgs boson masses are radiatively
stable despite these heavy masses. On the other hand, the left- and right-handed
top squarks are constrained to be not much heavier than 1 TeV or so to preserve
the gauge hierarchy solution because of the relatively large top quark Yukawa cou-
pling [3]. One expects from SU(2) symmetry that the left-handed sbottom mass also
does not exceed a TeV or so. In addition, the B-ino, W-ino, and also Higgsino, which
are coupled to the Higgs scalars with “sizable” gauge couplings, should remain lighter
than a TeV or so.3
However, with only a unique SUSY breaking scale at MPlanck as in ordinary 4D
SUGRA models, such a large hierarchy between the first two and the third gener-
3In Ref. [9], an ESUSY idea is realized by introducing an anomalous U(1)A.
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ations’ soft masses is not easily derived radiativlely at the electroweak scale, even
though the first two generations’ Yukawa couplings are relatively small.4 Moreover,
the first two generations’ heavy soft mass squareds tend to drive the third ones to
negative values at low energy through two loop renomalization group equations, so
that the third generation squark masses should be raised to several TeV at the grand
unified theory (GUT) scale [11]. This makes the scenario perhaps somewhat less
attractive.
In this paper we will introduce two (or more) SUSY breaking scales at the GUT
or some other fundamental scale within a gravity-mediated SUSY breaking scenario
without invoking any flavor symmetry, deploying two (or more) 4 dimensional branes
or orbifold fixed points in 5 dimensional spacetime. In 4D gravity-mediated SUGRA
models using only hidden sector SUSY breaking, there is no “easy” way to provide
several SUSY breaking effects that depend on the flavor; once SUSY breakes down in
a hidden sector, the consequences typically spread impartially among particles in the
visible sector through direct gravity couplings appearing in the SUGRA Lagrangian.
However, if we could somehow couple each visible sector field gravitationally exclu-
sively to a specific hidden sector among several hidden sectors with different SUSY
breaking scales, it would be possible to introduce flavor dependent SUSY breaking
scales even within the gravity-mediated scenario. This is where the extra dimension
and branes can play an important role.
The SUSY breaking soft scalar masses and the “A” terms are derived from the
scalar potential in SUGRA models. In 5D brane world, the scalar potentials as well
as the Yukawa interaction terms are usually constructed only on the branes due to
supersymmetry. Thus, as shown in [12] for global SUSY, the scalar potentials are
localized by the delta function on the brane and separated from each other at tree
level. In this paper we will show that the SUSY breaking effects from the hidden
4Reference [10] shows that the 10 TeV–sub-TeV hierarchy between the first two and the third
generations soft scalar masses at the electroweak scale can be derived radiatively from 10 TeV soft
masses at the GUT scale.
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sectors localized on the branes are transmitted to the visible sector fields located on
the same brane and bulk gauginos through direct gravitational couplings, but remain
shielded at least at tree level from the other brane fields [7, 13] and bulk scalars.
Thus if the SUSY breaking scales are m1 and m2 at two separated branes B1 and B2,
respectively, the localized chiral multiplets at B1 (B2) could get soft SUSY breaking
effects of order m1 (m2). The mixing terms from one loop contribution among fields
from two distinct branes can be sufficiently suppressed if the interval size is sufficiently
large compared to the fundamental scale [14].
Let us assume that the SUSY breaking scales at B1 and B2 are m1 (10–20 TeV) >
m2 (∼ 1 TeV). Then, we can easily make the superpartners of the first two generations
sufficiently heavy by locating them on B1. In order to keep the radiative corrections
to the Higgs masses under control, the third family resides on B2 (or in the bulk).
The two Higgs multiplets should reside in the bulk, so that the first two and the third
generations of the quarks and leptons can couple to them at B1 and B2, respectively.
Note that matter fields in the bulk are accompanied by bulk gauge fields for the
consistency of the gauge theory.
The gaugino mass term can be generated at tree level in some D=5 off-shell
SUGRA formalism [17] if SUSY is spontaneously broken, even when a singlet field
does not couple to the gauge kinetic term. Thus heavy gaugino masses from SUSY
breaking at B1 could give rise to large radiative corrections to the Higgs mass and
spoil the naturalness solution. However, since the bulk gaugino mass is given by
m1/2 ∼ m3/2 × (M∗/MP ), where M∗ is a 5D SUGRA fundamental scale and MP
is the reduced 4D Planck scale, a not so “large” extra dimension, for example, of
order 10−16 GeV−1 (or M∗ ∼ 1017 GeV), suppresses the gaugino masses to 1 TeV
scale. Moreover, by introducing an additional set of the localized gauge multiplet
at B2 with large coefficient (∼ 10) (i.e., in addition to the bulk gauge multiplet),
the gauginos mass can be more suppressed to the 100 GeV scale as we will see. In
such a way, the masses of the various gauginos in the MSSM also could be made
3
non-universal.
2 5D off-shell SUGRA and 4D brane matter
In order to couple 5D SUGRA to 4D brane matter it is convenient to employ the 5D
off-shell SUGRA formalisms recently developed in [15, 16, 17, 18, 19]. Although we
will employ the formalism in [15, 16, 17, 18], our essential results such as localized
SUSY breaking effects and realization of ESUSY should also hold in other formalisms
and/or in other spacetime dimensions.
The 5D formalism in [15] is an extension of the 4D SUGRA off-shell formalism
of [20]. The latter contains (16+16) bosonic and fermionic degree of freedoms, namely,
eam (vierbein), ψm (gravitino), am (U(1)R axial gauge vector), ba (axial vector), ξ
(spinor), S (scalar), t1 (pseudoscalar), and t2 (scalar), where every field is auxiliary
except for the vierbein and the gravitino. In 5D, N=2 SUGRA, the familiar N=2
SUGRA on-shell fields, namely the fu¨nfbein (eAM), gravitino (ψ
j
M) (j = 1, 2) and
graviphoton (AM) are supplemented by the auxiliary fields,
~t , vAB , ~VM , ζ , and C , (1)
an isotriplet, an antisymmetric tensor, a SU(2)R gauge vector, a spinor, and a scalar,
respectively. In the gravitino ψjM , the index “j” (=1,2) is a SU(2)R index. Although
the closure of SUSY algebra only requires the above (40+40) bosonic and fermionic
degrees of freedom (“minimal multiplet”), the corresponding action turns out to be
unphysical; the equations of motion give rise to det eAM = 0. (This problem is also
observed in 4D SUGRA formalism with a single auxiliary fermion [20].) To resolve it,
additional (8+8) auxiliary fields are needed, either from a nonlinear multiplet (version
I) [15], a hypermultiplet (version II) [18], or a tensor multiplet (versin III) [16]. In
this paper we prefer the first choice. The nonlinear multiplet contains the auxiliary
fields, φj α (scalar), χ (spinor), ϕ (scalar), and VA (vector), where α is the index
of an additional SU(2) and a is the Lorentz index. Closure of the algebra on ϕ and
4
+ e am e55 A5 ψ
1
mR(ψ
2∗
mL) ψ
2
5R(ψ
1∗
5L) va5 ζ C V
3
m V
1,2
5 t
1,2 Va
− e a5 em5 Am ψ2mR(ψ1∗mL) ψ15R(ψ2∗5L) V 1,2m V 35 vab t3 V5˙ ϕ χ
Table I. Z2 parity assignments for the fields in D=5, N=2 pure SUGRA.
VA gives rise to the constraint [15]
C − 1
16κ
RAB
AB − κ
24
FABF
AB + 5κ~t2 +
κ
4
vABv
AB − 1
8κ
DˆMφjαDˆMφαj + · · · = 0 , (2)
where DˆM is the supercovariant derivative defined in [15], and “· · ·” contains the
fermionic contributions. The bosonic part of the pure SUGRA action is given by [15]
SSUG =
∫
d4x
∫ L
−L
dy e5
1
2L
[−1
4κ2
R(ωˆ)AB
AB − 1
6
FABF
AB − 1√
3
FABv
AB
− κ
6
√
3
ǫABCDEAAFBCFDE + vABv
AB − 12~t2 − 1
4
~VA~V
A (3)
− 1
2κ2
DˆMφiαDˆMφαi + VAV A − ϕ2
]
,
where the factor 2L for the size of the extra dimension ensures that the mass dimen-
sions of all fields correspond to their canonical 4D ones, and the induced SUGRA
parameter κ in Eq. (3) and the original 5D SUGRA parameter κ∗ are defined as
κ2 ≡ 8πG ≡ 1
M2P
, (4)
κ3∗ ≡
1
M3∗
≡ 2L× κ2 = 2L
M2P
, (5)
where MP and M∗ are the Planck and the fundamental scale mass parameters, re-
spectively. For future convenience, we define κ∗ such that it has length dimension
unlike the definition in ordinary 5D SUGRA.
With the fifth dimension compactified on a S1/Z2 orbifold, Z2 parities assigned to
fields in 5D N=2 theory, consistent with SUSY transformation, are given in Table I.
Since only the even parity particles contain massless modes, truncation of the heavy
Kaluza-Klein (KK) modes reduces the 5D, N=2 SUGRA to 4D, N=1 SUGRA of
[20]. The relations between the auxiliary fields in 4D N=1 SUGRA and those in the
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“minimal multiplet” of 5D, N=2 SUGRA are given by [16]
ba = va5˙ , (6)
am = −1
2
(V 3m −
2√
3
F̂m5e
5
5˙ + 4e
a
mva5˙) , (7)
S = C − 1
2
e55˙(∂5t
3 − λ¯τ 3ψ5 + V 15 t2 − V 25 t1) . (8)
The 5D N=2 hypermultiplet [18] could be extended from the 4D N=2 hypermul-
tiplet [22]. Since there is no field carrying vector indices in the hypermultiplet, the
structures of the hypermultiplets in D=4,5,6 are almost the same. The bosonic part
of the corresponding 5D N=2 off-shell Lagrangian is [18]
LHY P = 1
2L
dαβ
[
1
2
DAAjαDAAβj +
1
2
F jαF
β
j
(
1− 4
3
AAA
A
)
(9)
+AjαA
β
j
(
1
8
R(ωˆ)AB
AB +
κ2
12
FABF
AB − 2κC − 10κ2~t2 − κ
2
2
vABv
AB
)]
,
where j(= 1, 2) is the SU(2)R index as before, and α(= 1, 2, · · · , 2r) is a USp(p, q)
(p + q = 2r) index, and A, B are 5D Lorentz indices. As in the pure SUGRA case,
the linear dependence of the Lagrangian on C must be resolved using the nonlinear
multiplet. Equation (2) eliminates the couplings of AjαA
β
j with ~t
2, RAB
AB, and so on
in the Lagrangian (9).
For r = 1, USp(2, 0) = SU(2), dαβ = −ǫαγǫγβ = δαβ . The component fields in the
hypermultiplet fulfill the reality constraints [18, 22]. For the scalar field, for instance,
Ajα ≡ Aα∗j = ǫjkραβAβk , (10)
where ραβ is proportional to ǫαβ and satisfies
|detρ|2 = 1 , and ραβ = ρ∗αβ . (11)
The auxiliary field F iα is similarly constrained. The fermion ξ
α satisfies the symplectic
Majorana condition,
ξα ≡ (ξα)†γ0 = ραβξβTC , (12)
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where C = diag(−iτ 2,−iτ 2).
The hypermultiplet is split under Z2 symmetry into two chiral multiplets with
even and odd parities, respectively. The (bulk) chiral multiplet with even parity can
take part in the superpotential on the 4 dimensional branes. On the other hand, the
(bulk) chiral fields with odd parity vanish on the branes and do not possess massless
modes. Consequently, they are neglected in the low energy physics. The surviving
fields at low energy are A11 (or A
2∗
2 ), ξ1L (or ξ
∗
2R) and F
1
1 (or F
2∗
2 ).
In the more general case, the Lagrangian could be written as a non-linear sigma
model, as shown in the on-shell formalisms of [23]. The kinetic term is then Lkin =
huv(φ)∂Mφ
u∂Mφv, where huv(φ) (u, v = 1, 2, · · · , 4r) is a metric on a quaternionic
manifold with coordinates φu.
A 4D chiral multiplet consists of scalar and fermion fields with
A = (A, B; ψ; F, G) , (13)
where A, B are dynamical real scalars, ψ is a chiral fermion, and F , G are real
auxiliary fields. Thus bosonic degrees of freedom are the same as those of fermions.
In this paper, the first member in a chiral multiplet such as A in Eq. (13) will be
used, if necessary, to designate the chiral multiplet or superfield to which it belongs.
To each chiral multiplet, a weight wi (U(1)R charge) is assigned.
According to the local tensor calculus [20, 21], the canonical kinetic part of the
off-shell Lagrangian for the chiral multiplet is given by the “D-density” of the product,
−[Ai × Ai]D/4, and its bosonic part is [16, 18, 20]
L4dCHI =
∑
i
[
1
2
(
DˆmAiDˆmAi + DˆmBiDˆmBi + F 2i +G2i
)
(14)
−4κt2(FiAi −GiBi)− 4κt1(FiBi +GiAi) + 2κbm(AiDˆmBi − BiDˆmAi)
−κ
2
(A2i +B
2
i )
(
12wiS − wi
4κ
Rab
ab + 48κ(wi − 1)[(t1)2 + (t2)2]
−6κwibmbm − 8S
)]
,
where i labels chiral multiplets, and Dˆm is the supercovariant derivative, defined as
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[18]
DˆmA ≡ ∂mA− ψ¯mτ 2ψ − wBam , (15)
DˆmB ≡ ∂mB − ψ¯mτ 2γ 5˙ψ + wAam . (16)
We note that in the Lagrangian (14) several weight (wi) dependent terms appear. This
can be generalized to non-trivial cases, [f(A)×A]D, where f is an arbitrary function
of A [21]. The Lagrangian in Eq. (14) can be written in terms of 5D SUGRA auxiliary
fields using Eqs. (6)–(8),
L5dCHI =
∑
I,i
δ(y − yI)
[
|∂φIi |2 + |F Ii |2 − 4κ∗φI∗i F IiM− 4κ∗φIiF I∗i M∗ (17)
−iκ∗
2
(
φIi ∂
mφI∗i − φI∗i ∂mφIi
)(
wiV
3
m −
2wi√
3
Fm5˙ + 4(wi − 1)vm5˙
)
+κ∗|φIi |2
(
(3wi − 2)(2∂5˙t3 + κ∗MV∗ + κ∗M∗V)− 48κ∗(wi − 1)|M|2
−12wiC + 8C + wi
4κ∗
Rab
ab − 6κ∗wiva5˙va5˙
+
κ∗
4
w2i (V
3
m −
2√
3
Fm5˙ + 4vm5˙)(V
m3 +
2√
3
Fm5˙ − 4vm5˙)
+2κ∗wiv
m5˙(wiV
3
m −
2√
3
Fm5˙ + 4vm5˙)
)]
,
where we complexifed some bosonic degrees for future convenience,
φ ≡ 1√
2
(A+ iB) , (18)
F ≡ 1√
2
(F − iG) , (19)
M ≡ t2 + it1 , (20)
V ≡ V 15˙ − iV 25˙ . (21)
Note that in Eq. (17), the expansion parameter is not “κ” but “κ∗” defined in Eq. (5).
Since the Lagrangian (17) describes the dynamics of scalar fields localized on the
brane, a delta function appears as an overall factor. I = 1, 2 indicate the two brane
locations at y = 0 and y = L, respectively.
Next we briefly review how the superpotential is constructed in the 4D SUGRA,
which would enable us to derive the relevant scalar potentials. In the local tensor
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calculus [20, 21], a product “·” is defined such that the product, A3 = A1 · A2 of two
chiral multiplets of weights w1 and w2, respectively, yields another chiral multiplet
with weight w3 = w1 + w2, and components
A3 = A1A2 − B1B2 , (22)
B3 = A1B2 + A2B1 , (23)
ψ3 = (A1 − γ5B1)ψ2 + (A2 − γ5B2)ψ1 , (24)
F3 = A1F2 +B1G2 + F1A2 +G1B2 + ψ¯1ψ2 , (25)
G3 = A1G2 −B1F2 +G1A2 − F1B2 − ψ¯1γ5ψ2 . (26)
These product rules are valid in the locally supersymmetric case as well as in global
supersymmetry. Using the rules, we can define superpotentials such as A1 · A2, A1 ·
A2 · A3, · · ·.
By examining the SUSY transformations of members in a chiral multiplet, one
can find a supersymmetric invariant, “F-density,” which is useful for constructing the
Lagrangian. A supersymmetric invariant up to total derivative terms in SUGRA is
given by [16, 20, 21]
[A]F = F + iκψ¯
2
mγ
mψ +
κ2
2
ψ¯mτ
2γmn(A + γ 5˙B)ψn − 12κt2A− 12κt1B , (27)
with weight equal to 2 [20]. The Pauli matrix τ 2 contracts the SU(2)R indices of the
gravitino. The first term in Eq. (27) is present also in the globally supersymmetric
case, while the other terms are the SUGRA corrections. In particular, if A and/or B
acquire vacuum expectation values (VEVs), the third term could yield the gravitino
mass term by absorbing the chiral fermion’s degree of freedom of the second term.
Thus, for a given superpotential W (φ1, φ2, · · ·), the Yukawa interactions and scalar
potentials are read off using Eqs. (22)–(26) and (27), and it can be checked that the
bosonic part is given by
L4dY UK =
[∑
z
WzFz − 12κWM+ h.c.
]
, (28)
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where every bosonic field is complexified using Eqs. (18)–(21), Fz is the auxiliary field
involved in φz, and
Wz ≡ ∂W
∂φz
. (29)
3 Effective 4D scalar potential
To illustrate the emergence of non-universal soft masses, let us consider a model with
a visible (V ) and a hidden (H) hypermultiplet in the bulk, and two visible and some
hidden chiral multiplets localized at each brane. The chiral multiplet from the bulk
hypermultiplets with even parity ΦV comprises a trilinear superpotential together
with two visible chiral multiplets φ1V1 and φ
1V
2 , localized at B1, while the hidden
sector multiplets ΦH and φ1Hx (x = a, b, · · ·) make up another superpotential at B1,
W 1V = Y 1V12 Φ
V φ1V1 φ
1V
2 , W
1H = W 1H(ΦH , φ1Ha , φ
1H
b , · · ·) . (30)
Similarly, the two (bulk) chiral multiplets, the two localized visible multiplets, φ2V1 , φ
2V
2 ,
and hidden chiral multiplets φ2Ha (x = a, b, · · ·) constitute the following superpoten-
tials at B2,
W 2V = Y 2V12 Φ
V φ2V1 φ
2V
2 , W
2H = W 2H(ΦH , φ2Ha , φ
2H
b , · · ·) . (31)
We assign weights 2, 0, and 2/3 to ΦV , φIVi (I, i = 1, 2), and φ
IH
x , respectively, for
simplicity of the model. Other weight assignments that do not change our essential
conclusions are also possible.
The bosonic part of the locally supersymmetric off-shell Lagrangian for the Yukawa
interactions is
LY UK =
∑
I,S,z
δ(y − yI)
[
W ISz F ISz − 12κ∗W ISM+ h.c.
]
, (32)
where I (= 1, 2) denotes the brane locations (y1 = 0, y2 = L), S stands for visible or
hidden sectors (S = V,H), z = ΦV , 1, 2 for S = V , and z = ΦH , a, b, · · · for S = H .
To get a scalar potential for the dynamical fields, we replace the auxiliary fields in the
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Lagrangians (3), (9), (17), and (32), using the equations of motion. The equations of
motion for F fields give
F ISi = −(W ISi )∗ + 4κ∗φISi M∗ , (33)
F ISΦ = −
∑
I
2∆(yI)(W
IS
Φ )
∗
(
1− 4
3
κ2A5A
5
)−1
, (34)
where i is 1, 2 for S = V , and a, b, · · · for S = H , and
∆(yI) ≡ L× δ(y − yI) . (35)
In Eq. (34), we see that the bulk field FSΦ gets contributions from both localized brane
“sources.” Let us insert the above expressions into the orginal Lagrangian and also
eliminate the auxiliary field M, whose equation of motion gives
M = − ∑
I=1,2
2κ∗
3
∆(yI)
[
1 +
4κ2∗
3
∆(yI)
∑
i
|φIVi |2
]−1
(36)
×
[(
W IV +W IH
)
+
κ∗
2
∑
i
|φIVi |2V
]
.
In Eq. (36), the delta function ∆(yI) is present in the denominator as well as the
numerator, which seems surprising at first. However, to couple the 5D gravity multi-
plet supersymmetrically to 4D chiral fields, the delta function couplings are inevitable.
In this paper, we will take a pragmatic approach to the delta function; we regard
the δ(y − yI) functions as finite walls of height M∗ with a small but non-vanishing
“thickness” 1/M∗. (The exact shape of the delta function would be determined by
a fundamental theory, but it would not affect the low energy physics.) Despite their
thickness, both walls are assumed to be sufficiently far apart from each other, so that
∆(yI)×∆(yJ) = 0 for I 6= J . (37)
Due to Eq. (37), M in Eq. (36) is given by the sum of the contributions from the
two branes. In a more fundamental theory, the “blow-up” of the delta function could
be cured and excitations of localized fields on the branes in the y direction would be
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possible. The apparently divergent operator in the denominator in Eq. (36) is now
suppressed,
κ2∗∆(yI) |φIVi |2 ∼
L
M∗
|φIVi |2 , (38)
and we can treat it perturbatively unless 〈φIVi 〉 ∼ M∗, as in ordinary 4D supergravity.
In our case, we take
L ∼ 10−16 GeV−1 . (39)
For the hidden sector fields and superpotentials we assume the VEVs [4]
〈 W IH 〉 = −mIM2∗ , (40)
〈 W IHz 〉 = (bIz)∗mIM∗ . (41)
For convenience, we define the following expressions:
W IV ≡ W I , W IVΦ ≡W IΦ ,
∑
i
|W IVi |2 ≡ |W Ii |2 , (42)∑
i
|φIVi |2 ≡ |φIi |2 ,
∑
z
|bIz|2 ≡ |bIz|2 . (43)
After inserting Eq. (36) and Eqs. (40) and (41) into the original Lagrangian, assem-
bling the results from the auxiliary fields F ISi and FΦ in Eqs. (33) and (34), we obtain
the localized F term scalar potentials for Φ and φIi in 5D supergravity,
V5d(Φ, φ
I
i ) =
∑
I=1,2
∆(yI)
L
[
|W Ii |2 + 2∆(yI)|W IΦ|2 + |bIz|2(mIM∗)2 (44)
−8κ
2
∗
3
∆(yI)|W I −mIM2∗ |2
(
1− 4κ
2
∗
3
∆(yI)|φIi |2
)]
+O(κ6∗) ,
where we retain only terms up to O(κ4) for examining the soft scalar masses and A
terms. Elimination of V gives rise to corrections of order O(κ6) to the potential (44),
and from the equations of motion for V 3m and vm5˙, the derivative interaction terms
between φIi s and Fm5˙ are derived. We should note here that in the localized potential,
there is no cross term between the two brane contributions due to the delta function
property in Eq. (37). Thus the potential at B1 is associated only with bulk scalar Φ
12
and B1 brane fields φ11 and φ
1
2, while the potential at B2 contains Φ and B2 brane
fields φ21 and φ
2
2.
We note the appearance of ∆(yI) dependent couplings in the potential (44). In
momentum space,
δ(y − yI) = 1
2L
∞∑
n=−∞
ei(npi/L)(y−yI ) =
1
2L
∞∑
k5=−∞
eik5(y−yI) , (45)
which is used in the Feynman rule for the delta function coupling for calculating
certain processes [12, 14]. To obtain an effective 4D theory, we truncate the KK
modes and introduce the cuttoff, Λc <∼ 1/L (∼ 1016 GeV). Thus the summation in
Eq. (45) should be implemented only for k5 = 0 or n = 0, so that ∆(y − yI) in
the potential (44) reduces to 1/2 in low energy physics, independent of regularization
schemes for the delta function. Cross interaction terms between fields localized on
two different branes could be generated at loop level below Λc ∼ 1/L, while above
Λc ∼ 1/L, the effective theory is 5D SUGRA and the “finite” delta function (or the
finite wall) properties like Eq. (37) are restored.
Before deriving the effective 4D potential, let us discuss the delta function coupling
for a moment. In Ref. [12], the supersymmetric coupling between 5D bulk super
Yang-Mills and charged chiral matter localized on 4 dimensional brane was studied.
In this model too, a delta function squared coupling appears after eliminating the
auxiliary field X3a. The 5D gauge multiplet contains a dynamical scalar Φa with
odd parity under Z2 symmetry, so that X
3a − ∂5Φa should be identified, from their
SUSY transformation properties, with the auxiliary field Da appearing in the 4D
gauge multiplet. The delta function coupling is interpreted as a counterterm to
divergences arising from the derivative interactions ∂5Φ
a of an odd parity scalar with
other chiral fields. However, such a dynamical odd parity scalar field is not found
in the gravity multiplet as seen from Table I. Moreover, even if present, the scalar
with odd parity would be decoupled at low energy.5 In Ref. [24], an additional odd
5In Ref. [14], a 5D SUGRA coupled to a 4D super Yang-Mills was considered, where a delta
function squared coupling appears also in the 5D Lagrangian. Since a delta function squared coupling
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parity scalar included in a hypermultiplet plays the role of Φa in Ref. [12]. But
SUSY transformations of the 5D SUGRA auxiliary fields do not necessarily require
additional fields for proper identification with the 4D auxiliary fields. Most pressing
of all, in our model, such a method appears to be unable to control every delta
function coupling.6 Thus we have adopted a different approach to the delta function
coupling in which it is regarded as a wall with height M∗ and width 1/M∗. Then,
even if the wall of the delta function is as high as the fundamental scale M∗ or even
the Planck scale, all delta function couplings are in turn small since they are always
accompanied by the SUGRA parameter κ∗. However, in the low energy effective
theory, the delta function couplings are not problematic in any case if the introduced
cutoff (1/L ∼ 1016 GeV) is high enough to suppress any induced non-renormalizable
operators.
The effective 4D potential is obtained by integrating V5d over the fifth direction
−L ≤ y ≤ L,
V4d =
∑
I=1,2
(mIMP )
2
(
|bIz|2 −
4
3
)
+ |W Ii |2 + |W IΦ|2
+
4mI
3
(W I +W I∗) +
8(mI)
2
9
|φIi |2 (46)
+ non− renormalizable interactions .
In Eq. (46) the cosmological constant term and the ordinary F term potential of
globally supersymmetric theory appears in the first line, the SUSY breaking A terms
and soft scalar mass terms are in the second line. The non-renormalizable terms are
suppressed by powers of 1/M∗. As in ordinary 4D supergravity, a vanishing cosmo-
logical constant requires fine-tuning. Thus we get a theory with softly broken SUSY
but a vanishing cosmological constant through the fine-tuning, which is impossible in
in this case has a vector-like interaction involving gauginos, the odd parity vector field (graviphoton)
plays the role of Φa of Ref. [12]. Here we intend to derive the scalar potential, so the vector field is
not relevant.
6 This results from the fact that in general the Lagrangian of the 4D chiral multiplet contains
quadratic terms in M, while in previous examples the associated auxiliary fields, namely Da in
Ref. [12] and bm in Ref. [14], appear in only linear form in the corresponding brane Lagrangian.
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globally supersymmetric theory. In contrast to the 4D case, the global SUSY F term
potential is divided into two parts that depend on the locations of the associated fields
[25]. Note that the potential in Eq. (46) does not allow a non-zero VEV for scalar
fields, so the internal symmetry cannot be spontaneously broken at the fundamental
scale. With
∑
iW
I
i φ
I
i = 2W
I , this can be proved by showing that while the minimum
value of the potential always becomes non-zero and positive when a non-zero VEV
for any scalar is assumed, it is vanishing for zero VEVs of all of the scalar fields [4].
It is possible that the internal symmetry breaks down radiatively at low energy, as in
ordinary 4D SUGRA models.
From the scalar curvature terms in Eqs. (3) and (17), we see that the effective
4D potential in Eq. (46) is not yet in the Einstein frame. However, the canonical
normalization of the effective 4D gravity just rescales the Yukawa coeffecients and
soft masses in Eq. (46) by a small amount, and adds non-renormalizable interactions.
As seen in Eq. (46), a soft mass term of the bulk scalar is not generated at tree
level under the formalism employed in this paper. It is basically because the terms
κ2AjαA
β
j |~t|2 (or κ2|Φ|2|M|2) and AjαAβjRAB AB (or |Φ|2RAB AB) are cancelled out from
the Lagrangian (9). If the term κ2|Φ|2|M|2 exists in the Lagrangian, the bulk scalar
could couple to the superpotentials W I on the branes by Eq. (32) when eliminating
the auxiliary field M. However, a more general formalism might allow the soft mass
term of the bulk scalar, κ2|Φ|2|κ∗〈W IH〉|2 (∼ |Φ|2m2IM2∗ /M2P ) at tree level, since it
apparently does not break any symmetry. Moreover, when the term |Φ|2RAB AB is
present (generally when the metric on a quaternionic manifold with coordiates Ajα has
a non-trivial form), a soft mass term of the bulk scalar can be also generated through
the coupling between the bulk scalar and the F term of a hidden sector superfield
like κ2|Φ|2|〈F IHz 〉|2 (∼ |Φ|2m2IM2∗ /M2P ) in the Lagrangian. Such a coupling could be
obtained after canonically normalizing the 5D gravity kinetic term. The coupling
could be important in phenomenology [26]. Here we will just follow the formalism of
Ref. [15]. In this formalism, a soft mass term of the bulk scalar can be generated at
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one loop. We will discuss it later.
4 Non-universal SUSY breaking soft parameters
In the potential (46), we note that the soft mass term of the bulk scalar Φ is not
generated by localized SUSY breaking at tree level. On the other hand, fields localized
on the branes φIi obtain their soft masses only from their associated branes. Since
the mass parameters mI are different in general,
mI 6= mJ for I 6= J , (47)
A terms and soft scalar masses of brane fields are also different at tree level, unless
the relevant brane scalar fields live on the same brane. This consequence is definitely
different from that of the ordinary 4D SUGRA scenario. The latter corresponds to
taking the limit L→ 0 from the start and neglecting the delta functions in our model.
Then, the auxiliary field M does not discern the location of fields, and cross terms
between the two brane contributions appear, for example, from |M|2 as well as from
M. Thus all of the A terms and soft scalar masses receive contributions from both
〈W 1H〉 and 〈W 2H〉, and universality of SUSY breaking soft parameters is observed.
The different SUSY breaking masses are confirmed by cross-checking the gravitino
mass terms. With Eqs. (22)–(26), the third term in Eq. (27) provides the localized
gravitino masses,
m3/2,I ∼ κ2∗〈 W IH 〉 ∼ mI . (48)
Therefore the gravitino acquires mass m1 from B1 and m2 from B2, so that the SUSY
breaking scales are O(m1) and O(m2) at B1 and B2, respectively.
Although the SUSY breaking effects are generated through the direct coupling
appearing in SUGRA at tree level and they are localized on the corresponding branes,
they can be transmitted through “loops” to the bulk and even to the other branes
below the compactification scale [14]. The off-shell Lagrangian of the hypermultiplet
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contains the interaction term with the gravitino and t2 [18],
LHY P ⊃ −κ
2
L
Aατ 2 ζαγ
mψm t
2 , (49)
which survives under the S1/Z2 compactification. The VEV 〈t2〉 = 〈M〉 ∼ ΣI∆(yI)mIM∗
from SUSY breaking at the branes makes a bulk scalar’s soft mass generated at one
loop, so that [14]
δm2Φ ∼
∑
I
1
16π2
(
mIM∗
M2P
)2 1
L2
, (50)
where 1/L is the cutoff Λc. Note that for 1/L ∼ 1016 GeV, M∗ ∼ 1017 GeV, and
m1 ∼ 10 TeV, δmΦ is of order a few GeV, which is quite small compared to other
SUSY breaking soft masses.
We could exploit these phenomena for resolving the notorious flavor changing
problem in SUGRA. We assume that
• the first two MSSM generations reside at B1;
• the third generation is at B2;
• the two Higgs multiplets as well as gravity and gauge multiplets are in the bulk;
• SUSY breakings arise from two hidden sectors localized on branes, and are subse-
quently transmitted by gravity. The SUSY breaking scale at B1 should be suitably
higher than the breaking scale at B2.
Let us now consider gaugino masses. In Ref. [17], the gaugino can become massive
when SUSY is broken in the hidden sector,
LbulkSYM =
1
2L
Tr
[−1
4
FMNF
MN + · · · − 2κ λ¯~τλ ~t+ · · ·
]
, (51)
where λ is the gaugino which satisfies the symplectic Majorana condition. The cou-
pling of the auxiliary field “~t” to λ¯~τλ means that the visible sector gaugino becomes
massive either from the hidden sector gaugino condensates 〈λ¯H~τλH〉 6= 0, or if the
hidden sector superpotential on brane obtains a VEV 〈WH〉 6= 0. After orbifolding,
only t1 and t2 (or τ 1 and τ 2) contributions survive at low energy, and yield the 4D
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Majorana mass term. With 〈t2〉 = 〈M〉 ∼ ∑I ∆(yI)mIM∗ from Eqs. (36) and (40),
the gaugino mass at low energy is given
m1/2 ∼ m1 M∗
MP
. (52)
Note that the gaugino mass is lighter for a larger extra dimension. With m1 = 10
TeV and M∗ = 10
17 GeV (or 1/L ∼ 1016 GeV), the gaugino mass is of order 1 TeV,
which manages to preserve the gauge hierarchy solution. This could be decreased to
a few hundred GeV for 1/L ∼ 1012 GeV.
Let us consider another possibility for lowering the gaugino mass. We can in-
troduce an additional set of the localized gauge multiplet (Am, λ, D) at B2, which
respects the same gauge symmetry as the bulk gauge multiplet does. Consider the
Lagrangian
LSYM =
[
LbulkSYM +Nδ(y − L)
(
− 1
4
FmnF
mn + iλ¯γmDmλ+ · · ·
)]
, (53)
with the same gauge coupling. Below the compactification scale 1/L, the coefficient
of the gauge kinetic term is given by −(1 + N)/4. Thus canonical normalization of
the kinetic term results in the suppressed (bulk) gauge coupling g/
√
1 +N , as well
as a suppressed gaugino mass m1/2/(1 + N). Hence with N ∼ O(10) (and strong
coupling g ∼ O(1)) and 1/L ∼ 1016 GeV, a gaugino mass in the 100 GeV range can
be achieved. In such a way, the masses of the various gauginos in MSSM also could
be made non-universal.
To realize electroweak symmetry breaking in the MSSM, both the µ term and the
“B” term (∼ µm3/2) of the right magnitudes must be present. Hence it is desirable
that the µ term is located at B2. From the weight assignments for hypermultiplets,
the ordinary bilinear µ term is not allowed in our example, so we should assume that
the µ term derives either from some trilinear or from a non-renormalizable interaction
between two Higgs and some singlet field localized at B2 which develops a suitable
non-zero VEV. We will not pursue this further in this paper.
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The electroweak Higgs doublets reside in the bulk, and their soft mass squareds
at M∗ arise predominantly through loops involving quarks and squarks rather than
loops involving fields in the gravity multiplet as in Eq. (50). But their values at M∗
are also much smaller than the weak scale. The large top Yukawa coupling and the
heavy first two generations’ soft mass squareds will drive this to −(a few TeV)2 at
MZ as in the 4D ESUSY. Consequently, an adjustment of TeV scale parameters may
be needed to achieve the desired 100 GeV electroweak symmetry breaking scale.
Finally, mixing of the first two generations with the third generation can arise
effectively through one loop interactions below the compactification scale by intro-
ducing suitable heavy bulk fields belonging to vector-like representations of the SM
gauge symmetry that couple to the ordinary MSSM particles on the branes. For neu-
trino mixings, we could introduce right-handed neutrinos in the bulk. We will not go
into detail here.
5 Conclusion
In conclusion, through the use of off-shell SUGRA formalism and brane world frame-
work, we have shown that gravity mediated SUSY breaking effects can be non-
universal. With SUSY breakings in two hidden sectors localized on distinct branes,
the gravity mediated soft masses of the bulk visible sector, gauginos, and the grav-
itino result from both branes, while SUSY breaking tree level effects in the localized
visible sector fields arise only from the hidden sector living at the same brane. The
soft masses for the bulk scalars are generated radiatively. This enables us to over-
come the SUSY flavor problem geometrically by generating soft scalar masses ∼10–20
TeV for the first two generations, while the third generation masses are of order a
TeV. Radiative electroweak breaking can be realized in this approach, with TeV scale
quantities conspiring to realize the 100 GeV electroweak scale.
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